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RESEARCH ARTICLE SUMMARY
◥

NEUROGENOMICS

A single-cell atlas of the normal
and malformed human brain vasculature
Ethan A. Winkler†, Chang N. Kim†, Jayden M. Ross, Joseph H. Garcia, Eugene Gil, Irene Oh,
Lindsay Q. Chen, David Wu, Joshua S. Catapano, Kunal Raygor, Kazim Narsinh, Helen Kim,
Shantel Weinsheimer, Daniel L. Cooke, Brian P. Walcott, Michael T. Lawton, Nalin Gupta,
Berislav V. Zlokovic, Edward F. Chang, Adib A. Abla*, Daniel A. Lim*, Tomasz J. Nowakowski*

INTRODUCTION: The cerebrovasculature deliv-
ers nourishment and regulates blood-brain
molecular exchanges that are necessary for
neurologic function. Coordinated communica-
tions between multiple cell types—including
endothelium, pericytes, smooth muscle cells,
and perivascular fibroblasts—provides the basis
for the functional specialization of arteries,
capillaries, and veins. Cellular dysfunction re-
sults in cerebrovascular diseases, a leading
cause of death and disability. However, we
currently lack a comprehensive atlas of cere-
brovascular cells in the human brain. Further
understanding of disease mechanisms and
therapeutic strategies requires a deeper knowl-
edge of cerebrovascular cells in humans.

RATIONALE:Toprovide ahumancerebrovascular
cell atlas, we used single-cell mRNA sequencing
(scRNA-seq), using dissociated vascular cells
isolated from the adult human brain and arte-
riovenous malformations (AVMs), a cerebro-
vascular disease of arteriovenous patterning
in which patients are prone to bleeding and
stroke. Using marker genes identified from
single-cell transcriptomes, we characterized

spatial distributions of cerebrovascular cell
states with multiplexed fluorescent in situ hy-
bridization and immunostaining. Joint com-
parative analyses between scRNA-seq datasets
systematically profiled patterns of aberrant
gene expression in AVMs. To investigate poten-
tial relevance of these findings, we performed
in silico analyses to catalog dysregulated cell-
to-cell interactions and to resolve cell states
enriched in advanced stages of AVMs that bled.
Predictionswere validatedwith immunostain-
ing and functional assays in cell culture.

RESULTS: By performing scRNA-seq on 181,388
individual cells, we identified more than 40
transcriptomically defined cell states of vascu-
lar, immune, and neighboring glial or neuronal
cells from the human adult cerebrovasculature
and AVMs. Iterative analyses of single-cell gene
expression profiles revealed endothelial molec-
ular signatures underlying arteriovenous phe-
notypic changes called zonations. Our study
uncovered an expanded diversity of peri-
vascular cells in human but not mouse brain,
including a molecular marker of pericytes,
transcriptional variationwithin smoothmuscle

cells and perivascular fibroblasts, and the pres-
ence of smooth muscle–like cells known as
fibromyocytes. In AVMs, our data suggested
a loss of normal zonation among endothelial
cells. Moreover, we observed the emergence
of a distinct transcriptomic state that corre-
sponded to the nidus, which was character-
ized by heightened angiogenic potential and
immune cell cross-talk. In addition, we char-
acterized the cellular ontology of the cerebro-
vascularly derived immune cell response and
identified infiltration of distinct immune cell
states, such as GPNMB+ monocytes, which
contribute to depletion of stabilizing smooth
muscle cells in AVMs that bled.

CONCLUSION: Our single-cell atlas highlights
the transcriptomic heterogeneity underlying
cell function and interaction in the human
cerebrovasculature and defines molecular and
cellular perturbations in AVMs, a leading
cause of stroke in young people. The iden-
tified interplay between vascular and immune
cells may aid the development of therapeu-
tics that target angiogenic and inflammatory
programs in vascular malformations. More
broadly, this cell atlas should inform future
studies in other human diseases to accelerate
mechanistic understanding and therapeutic
targeting of the human cerebrovasculature
and its diseases.▪
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The adult human cerebro-
vascular cell atlas. We used
scRNA-seq to assemble a
cerebrovascular cell atlas
from the adult human
brain and AVMs. Findings
were then experimentally
validated. Comparative
analyses revealed endothelial
molecular transformations
and heightened immune
cell response in AVMs.
Using this cell atlas, we
identified immune cell states
implicated in AVM rupture
and brain hemorrhage.

10× chromium

Validation experiments

Adult cerebrovasculature

Single-cell RNA-sequencing 

Human 
cerebrovasculature

AVMs U
M
A
P

Cerebrovascular Cell Atlas 

Arteriovenous malformations Rupture and hemorrhage

GPNMB+
monocyte

Smooth 
muscle

Fluorescent in situ 
hybridization

Antibody 
staining

Smooth 
muscle

Fibroblast

Endothelial

Fibromyocyte

Pericyte

Cell culture
functional validation

The list of author affiliations is available in the full article online.
*Corresponding author. Email: adib.abla@ucsf.edu (A.A.A.);
daniel.lim@ucsf.edu (D.A.L.); tomasz.j.nowakowski@gmail.com
(T.J.N.)
†These authors contributed equally to this work.
Cite this article as E. A. Winkler et al., Science 375,
eabi7377 (2022). DOI: 10.1126/science.abi7377

READ THE FULL ARTICLE AT
https://doi.org/10.1126/science.abi7377

IM
A
G
E
:
N
O
E
L
S
IR

IV
A
N
S
A
N
T
I
A
N
D

K
E
N

P
R
O
B
S
T

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia San Francisco on M
arch 10, 2022



RESEARCH ARTICLE
◥

NEUROGENOMICS

A single-cell atlas of the normal
and malformed human brain vasculature
Ethan A. Winkler1,2,3,4†, Chang N. Kim2,3,5,6†, Jayden M. Ross1,2,3,5,6, Joseph H. Garcia1, Eugene Gil1,2,
Irene Oh7, Lindsay Q. Chen7, David Wu1,2, Joshua S. Catapano4, Kunal Raygor1, Kazim Narsinh8,
Helen Kim9, Shantel Weinsheimer9, Daniel L. Cooke3,8, Brian P. Walcott10, Michael T. Lawton4,
Nalin Gupta1, Berislav V. Zlokovic11,12, Edward F. Chang1,3, Adib A. Abla1,3*,
Daniel A. Lim1,2,3,13*, Tomasz J. Nowakowski1,2,3,5,6,14*

Cerebrovascular diseases are a leading cause of death and neurologic disability. Further
understanding of disease mechanisms and therapeutic strategies requires a deeper knowledge
of cerebrovascular cells in humans. We profiled transcriptomes of 181,388 cells to define a cell
atlas of the adult human cerebrovasculature, including endothelial cell molecular signatures
with arteriovenous segmentation and expanded perivascular cell diversity. By leveraging this
reference, we investigated cellular and molecular perturbations in brain arteriovenous
malformations, which are a leading cause of stroke in young people, and identified pathologic
endothelial transformations with abnormal vascular patterning and the ontology of vascularly
derived inflammation. We illustrate the interplay between vascular and immune cells that
contributes to brain hemorrhage and catalog opportunities for targeting angiogenic and
inflammatory programs in vascular malformations.

T
he cerebrovasculature comprises an un-
interrupted, arborized network of vascu-
lar conduits through which circulating
blood flows (1–3). It is tasked with ensur-
ing delivery of oxygen, energy metabo-

lites, and other nutrients to the brain while
removing by-products of brainmetabolism or
preventing entry of circulating toxins (1, 3).
Interruptions in cerebral blood flow or struc-
tural compromise and hemorrhage lead to
stroke, which is a leading cause of death and
disability worldwide (4, 5).
Like other vascular beds, the cerebrovas-

culature has functionally distinct, contiguous

segments identified as arteries, arterioles, cap-
illaries, venules, and veins hierarchically orga-
nized along an “arteriovenous axis” (1, 6, 7).
Cell composition varieswith these transitions,
and each cerebral vessel is composed of endo-
thelial cells, pericytes, smooth muscle cells
(SMCs), and/or perivascular fibroblast-like
cells (referred to hereafter as perivascular
fibroblasts) (1, 7, 8). Coordinated molecular
interactions between vascular cells and sur-
rounding neurons, glia, and perivascular im-
mune cells endow the cerebrovasculature
with medically relevant, specialized prop-
erties. The blood-brain barrier in capillaries,
for example, provides a basis for brain im-
mune privilege and serves as an obstacle to
pharmacologic treatment of brain diseases
(3, 6, 9–11).
Single-cell mRNA-sequencing (scRNA-seq)

in mice has suggested additional cell variation
andprovidedamolecularbasis for arteriovenous
phenotypic changes known as “zonations”
(7, 12–14). Because of biases in cell isolation,
existing human brain cell atlas studies have
overlooked the cerebrovasculature, and its
cellular heterogeneity has been largely un-
explored in humans (15, 16). Neurologic dis-
eases, such as stroke or Alzheimer’s disease,
or brain aging show a predilection for select
arteriovenous segments (12, 17–19). Thus, large-
scale single-cell profiling of the human cere-
brovasculature should provide a translational
reference to better understand molecular
underpinnings of selective cell vulnerabilities
and patterns of aberrant gene expression in
human cerebrovascular disease.

Cellular and molecular profiles of the adult
human cerebrovasculature
To profile cells of the cerebrovasculature, we
obtained normal cerebral cortex tissue from
patients undergoing tailored lobectomies
for epilepsy (table S1). Large arteries and
veins were microdissected, and smaller ves-
sels (arterioles, capillaries, and venules) were
isolated by use of establishedmethods (Fig. 1A
and fig. S1A) (20–22). We processed for scRNA-
seq dissociated cells from five individuals using
the 10X Genomics Chromium platform and
generated high-quality transcriptomes from
74,535 cells (fig. S1, B to E). We performed
graph-based Leiden clustering, and clusters
were annotated with differentially expressed
genes to identify 15 major cell populations,
each with a distinct set of enriched genes and
present inmultiple individuals (Fig. 1, B to D;
fig. S1, F and G; and table S2).
On the basis of previously described gene

expression patterns, we identified the major
vascular cell classes: endothelial cells (CLDN5),
pericytes (KCNJ8), SMCs (MYH11), and peri-
vascular fibroblasts (DCN) (Fig. 1, B and C,
and table S2) (7, 23, 24). Using our scRNA-seq
analysis to inform probe design, we spatially
resolved vascular cell diversity in the adult
human cerebral cortex with multiplexed spa-
tial transcriptomics (Fig. 2, A toD, and fig. S2,
A to F). Consistent with known variations of
the human cerebrovasculature, the spatial
distribution of cerebrovascular cells revealed
reduced vascular cell densities in the white
matter (fig. S2A) (25). Cerebrovascular cell
classes were organized in known vascular
cytoarchitectural structures such as arteries,
capillaries, and veins (Fig. 2D). Thus, we define
cell classes across the major subdivisions of the
cerebrovasculature by intersecting multiplexed
spatial transcriptomics with cell-specific mark-
ers defined from scRNA-seq.

Endothelial diversity and arteriovenous
zonation in humans

Endothelial cells compose the inner, blood-
facing lining of the cerebrovasculature (1, 3).
Identifiedby expressionofCLDN5andPECAM1,
endothelial cells composed six clusters (Fig. 1,
E and F). Using a previously annotated cell
atlas ofmouse endothelial cells (13), we found
that gene expression signatures correspond-
ing to four arteriovenous segments—arteries,
capillaries, venules, and veins—consistently
mapped onto distinct clusters in our dataset
(Fig. 1, F and G; fig. S3, A to H; and table S3).
We also identified three clusters of endothe-
lial cells within the arterial zonation (Fig. 1,
E and F, and fig. S3D), including a cluster
enriched for TXNIP, a regulator of glucose
metabolism and oxidative stress (26), likely
representing a metabolic state of arterial
endothelial cells. By visualizing the spatial
position of endothelial arteriovenous zonation
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Fig. 1. Cells of the human cerebrovasculature. (A) Isolation and cell sampling
from human cerebral cortex. scRNA, single cell mRNA. (B) UMAP visualization
showing cell states from control adult cerebrovasculature (n = 5 donors). (C) Dot
plot showing expression of cell state markers. EC, endothelial cell; PC, pericyte;
SMC, smooth muscle cell; FB, perivascular fibroblast; FbM, fibromyocyte; Mf,
macrophage; TC, T cell; BC, B cell; Neu, neuron; AC, astrocyte; MG, microglia;
OL, oligodendrocyte; OPC, oligodendrocyte precursor cell; and RBC, erythrocyte.
(D) Bar graph showing cell state proportion by donor. Number of cells sequenced
by donor: control 1, 6033 cells; control 2, 25,730 cells; control 3, 22,816 cells;

control 4, 19,302 cells; and control 5, 654 cells. (E) UMAP visualization of
endothelial cell states. Art, arterial; Cap, capillary. (F) Dot plot showing
expression of endothelial cell state markers. (G) Correlation matrix of gene
expression profiles between mouse and human cerebrovascular endothelial
cell states. Mouse data obtained from a previously published database
(13). Art, arterial; Cap, capillary; SS, shear stress. (H) UMAP visualization of
perivascular cell states. FB, perivascular fibroblast; FbM, fibromyocyte;
PC, pericyte; and SMC, smooth muscle cell. (I) Dot plot showing expression
of perivascular cell state markers.
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markers and relationships with surrounding
vascular cells, we confirmedVEGFC+,MFSD2A+,
and ACKR1+ endothelium in arteries, capilla-
ries, and veins, respectively (Fig. 2D) (7, 12, 13).
Thus, our human vascular cell dataset cap-
tures the conserved distinctions of endothe-
lial arteriovenous zonations in humans.

Diversity and distinction of brain
perivascular cells

In addition to endothelial cells, we identified
themajor perivascular cell classes in the brain:
pericytes, SMCs, and perivascular fibroblasts
(Fig. 1, H and I; fig. S4, A to C; and table S2)
(1, 7, 8). Our data serve as a reference for
transcriptomic-based perivascular cell defini-
tions on the basis of correlated patterns of gene
expression variation (cell identity scores), as
opposed to a handful of marker genes with
partially overlapping patterns of expression
(fig. S4, D to F) (8, 27, 28).
Pericytes are found in capillaries, venules,

and some arterioles and induce and maintain
the blood-brain barrier (20, 29, 30). Although
previously identified pericyte markers, such
as ABCC9 and KCNJ8, together captured all
putative pericyte clusters (Fig. 2, H and I; fig.
S4G; and table S3) (7, 28), variations in their
expression limited use of any single gene as a
pan-pericyte marker. We therefore sought to
nominate an alternative marker to capture a
larger proportion of transcriptomically de-
fined pericytes. Specifically, we identified that
HIGD1BmRNA is highly enriched in pericytes
and detected in 91.7% of pericytes (91.7% of
cells, log2FC = 3.10, Padj < 0.01) (Fig. 1I, fig.
S4G, and table S2). We confirmed HIGD1B
expression in PDGFRB+ or KCNJ8+ pericytes
(Fig. 2, B and C).
SMCs are contractile cells in arteries, veins,

and most arterioles (7, 31, 32). We selected
these cells on the basis of expression of pan-
SMCmarkers CNN1, TAGLN, andMYH11 (Fig.
1, C and I, and fig. S3A). Iterative analysis of
SMC transcriptional variation suggested that
additional axes of variationmay exist (Fig. 1, H
and I, and table S3). For example, one cluster
was enriched for metallothioneins MT1X,
MT2A, MT1M, MT1E, and MT1A, which mod-
ulate SMC proliferation and migration (Fig. 1I
and fig. S5A) (33). Additional transcriptional
variation included the perivascular cell chemo-
kine ligand CCL2, which coordinates brain
response to systemic infection (Fig. 1I and
fig. S5A) (34), and RGS16, which regulates
sphingosine-1-phosphate signaling implicated
in SMC proliferation (Figs. 1I and 2, B and C)
(35). Thus, SMCs may represent a spectrum of
transcriptional states, and future studies will
be necessary to identify their functional roles.
Fibroblasts loosely adhere to arteries, arte-

rioles, venules, and veins within the perivascu-
lar space, express extracellularmatrix proteins,
and provide structural support (7, 23, 36). We
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identified two clusters of DCN+ and APOD+

perivascular fibroblasts (Fig. 1, H and I). None
of the perivascular fibroblasts expressedmark-
ers of other brain fibroblasts—such as those in
the meninges, which were surgically excluded
in this study (37)—and DCN+ perivascular fi-
broblasts were visually confirmed to be asso-
ciated with the cerebrovasculature (fig. S5B).
Thus, our data confirm the presence of peri-
vascular fibroblasts in the adult human brain.

Fibromyocytes in the human
cerebrovasculature

Two cell clusters were not explained by known
brain perivascular cell identities (Fig. 1, H and
I, and fig. S4, D to F). We annotated these
clusters as “fibromyocytes” on the basis of lower
expression of contractile proteins (TAGLN and
ACTA2) and higher expression of fibroblast
(DCN and LUM) and macrophage (LGALS3)
genes as described in peripheral arteries, such
as the aorta and cervical internal carotid artery
(38–40). No expression of the smoothmuscle
transcription factor MYOCD was detected,
which suggests that fibromyocytes are distinct
from SMCs (fig. S5C) (41). Differential gene
expression identified IGFBP5, KCNT2, and
CCL19 to be more specific to fibromyocytes
(fig. S5C and table S2), and we validated
KCNT2+ and CCL19+ fibromyocytes in the hu-
man cerebral cortex (Fig. 2, A to C). Not iden-
tified in prior mouse cell atlases (7, 23, 24), our
results demonstrate the presence of fibromyo-
cytes in the human cerebrovasculature.
Fibromyocytes are thought to arise from

SMCs in peripheral vascular beds (42). We
therefore performed RNA velocity analysis,
which infers transcriptomic trajectories ac-
cording to the relative abundance of exonic
and intronic reads (43). On the basis of in-
ferred relationships of informatically predicted
splicing dynamics, this analysis predicted that
SMCs enriched for CARMN, a long noncoding
RNA (lncRNA) associated with mesodermal
differentiation (44), may give rise to fibromyo-
cytes through the up-regulation of marker
genes, such as LGALS3, KCNT2, and IGFBP5
(fig. S5, D and E). However, in the absence of
direct evidence of lineage tracing, we cannot
conclusively demonstrate that such a relation-
ship exists.
Retinoic acid signaling regulates smooth-

muscle-to-fibromyocyte transitions in the pe-
riphery (39). However, prior human brain cell
atlases have not documented nonmeningeal
sources of retinoic acid (fig. S5F). Investigation
of retinoic acid synthetic enzyme and receptor
gene expression identified enrichment in brain
fibromyocyte clusters and perivascular fibro-
blasts (Fig. 1I and fig. S5, G andH).We spatially
confirmed ALDH1A1 and RARA expression
in DCN+ perivascular fibroblasts and CCL19+

fibromyocytes, respectively (Fig. 2, B and C).
Thus, fibromyocytes and perivascular fibro-

blasts may be endogenous sources of retinoic
acid in the adult human brain.

Deconstructing the dysplastic
cerebrovasculature in
arteriovenous malformations

To showcase the utility of our dataset, we
generated a scRNA-seq dataset from arteri-
ovenous malformation (AVM) samples (45).
We obtained intraoperative, angiographically
confirmed human brain AVMs from five pa-
tients (table S1). Using analogous dissection
and scRNA-seq techniques (Fig. 3A), we gen-
erated high-quality whole-cell transcriptomes
from 106,853 cells and identified 11 major cell
populations (Fig. 3, B and C, and fig. S6, A to
D). Each cell population was identified in
multiple specimens, except for astrocytes
and choroid plexus (Fig. 3C and fig. S6E). We
spatially confirmed CLDN5+ endothelial cells,
TAGLN+ SMCs, CCL19+ fibromyocytes, and
COL1A2+ perivascular fibroblasts in AVMs
(Fig. 3D). To identify endothelial and peri-
vascular cell molecular changes in AVMs, we
coembedded control andAVMscRNA-seq data-
sets (Fig. 3E and fig. S7A), identified differen-
tially expressed genes (Fig. 3F; fig. S7, D to H;
and table S4), and performed iterative cluster-
ing in each vascular cell class (Fig. 3E; figs. S8,
A to E, and S9, A to C; and table S5). Thus, we
define cell composition and cell-specific pat-
terns of aberrant gene expressionwithinAVMs.

Endothelial aberrancy in brain AVMs

AVMs arise from pathologic molecular changes
in endothelial cells (46, 47). This catalyzes direct
connections to form between arteries and veins
without intervening capillaries and results in
tortuous, dysmorphic tangles of blood vessels
referred to as the “nidus” (45). Joint analysis
of control and AVM datasets revealed that
endothelial subsets were enriched for arte-
rial and venous but not venular or capillary
transcriptional identity scores in AVMs (Fig. 3,
E and G, and fig. S9, D to G). Endothelial cell
clusters with suppressed venule and capil-
lary cell identities [nidus 1 (Nd1) and nidus 2
(Nd2)] showed greatest differential gene ex-
pression (Fig. 3H and table S6). RNA velocity
analysis identified a consensus molecular tra-
jectory from Nd1 to Nd2 (Fig. 3I and fig. S9H)
and predicted a progressive up-regulation
of PLVAP, a marker of fenestrated endothe-
lium normally confined to developmental
angiogenesis, the brain’s circumventricular
organs and choroid plexus, and PGF, a potent
stimulator of brain angiogenesis (Fig. 3I)
(13, 30, 48, 49). Gene set enrichment analysis
(GSEA) confirmed pathogenic cascades, such
as angiogenesis, inflammation, and epithelial-
to-mesenchymal transition, enriched in AVM
Nd2 endothelium (Fig. 3J and table S7) (50–52).
Control capillary endothelial cells robustly
expressed blood-brain barrier nutrient trans-

porters, including MFSD2A, SLC16A1, and
SLC38A5 (Fig. 3K). By contrast, AVM Nd2
endothelial suppressed nutrient transporter
expression and up-regulated pro-inflammatory
(CCL14), pro-angiogenic (PGF and STC1), and
pro-permeability (PLVAP and ANGPT2) genes
(Fig. 3, K and L). Additionally, we confirmed
the localization of Nd2 endothelial cells in the
AVM nidus (Fig. 3M).
To characterize how pathologic endothe-

lial gene expression may influence cell-to-cell
communication networks, we used an in silico
algorithm to predict reciprocal ligand-receptor
interactions (53). The assembled interactome
identified Nd2 as the strongest contributor
to abnormal cell communications in AVMs (fig.
S10A). Dysregulated communication pathways
included established pathogenic cascades, such
as angiopoietin, vascular endothelial growth
factor, and transforming growth factor–b
(TGF-b) signaling (54–56) as well as previously
unrecognized immune activating and angio-
genic communication networks in AVMs, such
as CD99, SPP1, and CALCR (fig. S10, B to F).
Thus, aberrant nidus endothelial gene expres-
sion is predicted to result in pathologic cell-to-
cell communication networks within AVMs.

Immune cell microenvironment and
cerebrovascular-derived inflammation

Inflammation is hypothesized to play a role
in the formation of AVMs (45, 52). Iterative
analysis of the immune cell populations asso-
ciated with the cerebrovasculature identified
17 immune cell clusters in coembedded cell
populations (Fig. 4, A and B, and fig. S11, A
and B). Nine clusters comprised myeloid cells,
including vessel-associated microglia, conven-
tional dendritic cells (cDCs), three perivascu-
lar macrophage (pvMf) subpopulations, and
three monocyte (Mo) subpopulations. In addi-
tion, we computationally separated myeloid
cells with evidence of ex vivo activation (ExV)
(Fig. 4, A and B, and fig. S11C) (57). Eight clus-
ters comprised lymphoid cells, including CD4+

T cells, two CD8+ T cell subpopulations, regu-
latory T cells (Treg cells), B cells, natural killer
(NK) cells, plasmacytoid dendritic cells (pDCs),
and a population of dividing lymphocytes (Div)
composed of Treg cells (Fig. 4, A and B). Resi-
dent pvMfs were the most abundant immune
cell population, composing 31.2% and 28.3%
of immune cells in controls and AVMs, re-
spectively (Fig. 4C). Greater than 90% of cir-
culating immune cells, such as CD8+ T cells,
were confined within the resting cerebrovas-
culature but infiltrated into the perivascular
space or adjacent brain in AVMs (P < 0.01)
(fig. S11, D and E).
Myeloid immune cells were more abun-

dant and expressed gene signatures sugges-
tive of activation in AVMs (Fig. 4, D to G,
and fig. S11F), and we cataloged dysregu-
lated immune cell communication networks
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Fig. 3. Cellular aberrancy in the malformed cerebrovasculature. (A) Isolation
and cell sampling from human brain AVMs. scRNA, single-cell mRNA. (B) UMAP
visualization showing cell states from AVMs (n = 5 donors). (C) Bar graph showing
cell state proportion by donor. Number of cells sequenced by donor are AVM1,
26,122 cells; AVM2, 28,868 cells; AVM3, 14,541 cells; AVM4, 26,660 cells; and
AVM5, 10,662 cells. EC, endothelial cell; SMC, smooth muscle cell; FB, perivascular
fibroblast; FbM, fibromyocyte; Myl, myeloid cells; TC, T cell; BC, B cell; Neu,
neuron; AC, astrocyte; MG, microglia; OL, oligodendrocyte; and CP, choroid plexus.
(D) Representative microscopy image of single-molecule fluorescent in situ
hybridization showing expression of CLDN5 [yellow, endothelial cells (EC)], TAGLN

[magenta, smooth muscle cells (SMC)], COL1A2 [red, perivascular fibroblasts
(FB)], and CCL19 [cyan, fibromyocytes (FbM)]. DAPI (blue) stains are cell nuclei.
Boxes highlight representative cells. Scale bar, 50 mm. (i) TAGLN+ smooth
muscle cell. (ii) CCL19+ and TAGLN+ fibromyocyte. (iii) CLDN5+ endothelial cell.
(iv) COL1A2+ perivascular fibroblast. Scale bars, insets, 5 mm. (E) (Left) Schematic
describing computational pipeline. Endothelial cells (orange) are identified in silico
by marker expression, coembedded for downstream analytics, and iteratively
clustered. An identical workflow was applied to perivascular cells (fig. S7). (Middle)
UMAP visualization of coembedded endothelial cell states in control (gray) and
AVMs (red). (Right) UMAP visualization of iteratively clustered endothelial cell
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(fig. S11G). Vessel-associated CD11c+ antigen-
presenting cells are potent activators of brain
CD4+ T cell responses in situ (58, 59). scRNA-
seq confirmed that vessel-associated CD11c+

cells were composed of myeloid cells, includ-
ing cDCs, pvMfs, and some microglia, and we
identified a heterogeneous spatial distribution
of vessel-associated antigen-presenting mye-
loid cells in the AVM nidus (Fig. 4F). Discrete
areas appeared to have a greater number of
IBA1+P2RY12− macrophages or IBA1+P2RY12+

microglia, for example (Fig. 4, F and G). A
pronounced perivascular myeloid cell response
was observed, and IBA1+P2RY12−macrophages
were found at greater distances from the ad-
jacent vasculature consistent with infiltration
in AVMs (P < 0.01) (Fig. 4G). Thus, there are
diverse cellular and spatially heterogeneous
cerebrovascular inflammatory responses with-
in AVMs.

Vascular immune cell cross-talk with
brain hemorrhage

Hemorrhagic stroke is a devastating conse-
quence of AVMs (60). We therefore sought to
identify deleterious cell states associated with
AVM rupture. We used scMappR to decon-
volute cellular heterogeneity and to compute
cell-specific gene expression signatures from
AVM bulk RNA-seq (n = 39 AVMs; ruptured,
26 AVMs; unruptured, 13 AVMs) (Fig. 5A and
table S1) (61). We first identified 871 differen-
tially expressed genes (DEGs) associated with
AVMrupture enriched in vascular developmen-
tal pathways (such as blood vessel development
and morphogenesis) and inflammatory pro-
cesses (such as cell recruitment) (fig. S12, A
and B, and table S8). Using our scRNA-seq
dataset, in silico cell abundance deconvolu-
tion resolved probable alterations in cell pro-
portions (Fig. 5B). A subpopulation of AIF1+

(encodes IBA1)—P2RY12− monocytes, iden-
tified as GPNMB+ Mo3 monocytes—was over-
represented in ruptured AVMs (P < 0.01) and
expressed gene signatures consistent with ac-
tivation (Fig. 5, B to D, and fig. S12, C and D).
Thus, distinct infiltrating immune cell states
become enriched with AVM rupture.
Inflammation leads to a loss of vessel integ-

rity, and SMCs contribute to brain hemorrhage
when depleted (52, 62–64). In silico abundance
of GPNMB+ monocytes and SMCs correlated

negatively in ruptured AVMs [correlation co-
efficient (r) = −0.43, P < 0.05]. We therefore
investigated whether GPNMB+ monocytes
contribute to SMC death. Coculture of iso-
lated GPNMB+monocytes from ruptured AVM
patients with primary brain vascular SMCs
(VSMCs) increased apoptotic cleaved caspase-3+

VSMCs (P < 0.01) (Fig. 5E). Cell-to-cell com-
munication analysis identified SPP1 [which
encodes osteopontin (OPN)] as the greatest
dysregulated outgoing signaling pathway from
GPNMB+ monocytes in AVMs (Fig. 5F). The
ligand OPN is predicted and previously shown
to interact with CD44 and integrin receptors
on SMCs (65). Soluble OPN induced a 2.7-fold
increase in VSMC apoptosis, which was ame-
liorated by pretreatment with neutralizing
CD44 antibody, an integrin inhibitor, or a
combination of both (P < 0.01) (Fig. 5G). Thus,
GPNMB+monocytes contribute to SMC deple-
tion and are associated with AVM rupture and
brain hemorrhage.

Discussion

Wepresent a cell-resolution atlas that describes
the transcriptomic heterogeneity underlying
cell function and interaction in the human
adult cerebrovasculature. We identified con-
servation of endothelial molecular zonations
essential to arteriovenous phenotypic change
and expanded cellular diversity of brain peri-
vascular cells, including fibromyocytes not pre-
viously identified in the cerebrovasculature
(7, 23, 24). SMCs are predicted to transform
into fibromyocytes, but this will require valida-
tion with fate-tracingmethods. Fibromyocytes
and perivascular fibroblasts may produce reti-
noic acid in the adult human brain. Retinoic
acid signaling contributes to cortical vascu-
lar development and modulates smooth mus-
cle plasticity and fibromyocyte speciation in
other vascular beds (39, 66, 67). However,
the functional relevance of these findings
in the adult cerebrovasculature warrants fur-
ther investigation.
This atlas has many implications for neuro-

science and clinical medicine. To exemplify its
utility, we defined cellular and gene expres-
sion changes in AVMs, a leading cause of
stroke in young people, and identified patho-
logic endothelial molecular transformations,
spatially localized to the AVM nidus. Some

molecular changes are shared with immature
embryonic endothelium or angiogenic tip cells,
but other developmental or angiogenic tran-
scriptional programs are notably absent or
altered (14, 30, 68, 69). We also describe the
cellular ontology and communication net-
works of cerebrovascular-derived inflam-
mation. The interplay between vascular and
immune cells, such as GPNMB+ monocytes
and SMCs, induced pathological changes asso-
ciated with brain hemorrhage. Consequently,
our findings may guide the development of
future therapies.
We recognize that this atlas represents only

a first step toward a comprehensive census
of the human cerebrovasculature. Limitations
in unintended biases of cell capture or isola-
tion and random sampling, such as relative
proportions of small and large vessels from
each individual, may alter relative cell pro-
portions and require further validation in
spatially resolved datasets. Additional work
will also be needed to ascertain distinctions
between cell types and cell states, such as
transient or metabolic variations. Nonethe-
less, our results should inform future studies
in other brain regions or cerebrovascular dis-
eases to accelerate mechanistic understand-
ing and therapeutic targeting of the human
cerebrovasculature.

Materials and methods
Ethics statement and tissue acquisition

Human brain tissue specimens and clinical
data were obtained from the University of
California San Francisco with protocols ap-
proved from the institutional review board and
ethics committee (IRB 10-01318 and 10-02012).
All tissues were acquired from patients under-
going neurosurgical operations and written
informed consent was obtained prior to the
procedure permitting collection of tissue speci-
mens for the purposes of research. Normal
cerebral cortex was obtained as part of a neu-
rosurgical operation to reach deep seated
lesions causing epilepsy and uninvolved in the
pathology. All specimens were >2 cm from
any radiographic abnormality on magnetic
resonance imaging, showed no abnormalities
on routine electrocorticography, and were his-
tologically normal on a rapid hematoxylin and
eosin stain. Diagnosis of human brain AVMs
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states. Art, arterial; Cap, capillary; Vn, venous; and Nd, nidus. (F) Upset plot of
DEGs (horizontal bars) by cell class. Number of DEGs exclusive to one cell
class (black circles) or shared between multiple cell classes (linked black
circles). Vertical bars show the number of genes per intersection. (G) Heatmap
visualization of arteriovenous transcriptional identity in control (top, CTRL)
and AVM (bottom) endothelial cell states. Art, arterial; Cap, capillary; Vu,
venule; Vn, venous; Nd, nidus. Exp., expression; blue, low expression; and
yellow, high expression. (H) Upset plot showing intersections of DEGs in
AVM endothelial cell states compared with controls. (I) UMAP visualization of
AVM endothelial cell RNA velocity reveals two divergent trajectories from Nd1

(yellow). Up-regulation of PLVAP and PGF occurs with endothelial Nd1-to-Nd2
transitions. Exp., expression. (J) Gene set enrichment analysis of DEGs in
AVM endothelial Nd2. Padj, false discovery rate adjusted P value; NES, normalized
enrichment score. (K) Dot plot showing top marker gene expression for
control capillary and AVM Nd2 endothelial cells. Avg. Exp., average expression;
Exp., expression (L) Violin plot of PLVAP expression showing specificity to
AVM Nd2. (M) Representative confocal microscopy analysis of PLVAP (yellow)
and ANGPT2 (magenta) expression in PECAM1+ endothelial cells (cyan) in
AVM nidus. Vessel shown in cross section. Colocalization of fluorescence
results in white coloration. Scale bar, 50 mm.
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Fig. 4. Cerebrovascular inflammation with malformation. (A) UMAP visual-
izations of coembedded immune cells states in control cerebrovasculature and brain
AVMs (n = 5 donors per condition). (Top) Colored by condition. Control, gray;
AVM, red. (Bottom) Colored by cell state. pvMf perivascular macrophage; pvMf*,
activated perivascular macrophage; Mo, monocyte; MG, microglia; ExV, ex vivo
activated myeloid cells; cDC, conventional dendritic cells; pDC, plasmacytoid
dendritic cells; CD8 TC, CD8+ T cells; CD4 TC, CD4+ T cells; Treg, regulatory T cells;
NK, natural killer cells; BC, B cells; and Div, dividing immune cells. (B) Dot plot
showing expression of immune cell markers. (C) Pie charts showing immune cell
state proportions in (left) controls and (right) AVMs. (D) Bar graph with individual
data points showing the proportion of myeloid and lymphoid immune cells captured
in AVMs (red) and controls (gray). n = 5 donors per condition, mean ± SEM,

two-tailed t test. *P < 0.05; ns, not significant. (E) Bar graph of relative immune cell
state proportions normalized to total cells sequenced in AVMs (red) and controls
(gray). (F) Representative confocal microscopy analysis of endothelial cells
[cyan, podocalyxin (PODOXL)], smooth muscle cells [blue, a smooth muscle actin
(SMA)], macrophages [magenta, ionized calcium binding adaptor molecule 1
(IBA1) encoded by the gene AIF1 in (B)], and microglia [green, purinergic receptor
P2Y12 (P2Y12)]. Scale bar, 1 mm. (i) Layered ameboid perivascular macrophages.
(ii) Perivascular microglial response. Scale bars, insets, 50 mm. (G) Quantification of
(top left) abundance, (top right) cell ratio per image, and (bottom) perivascular
distance of IBA1+P2R12−macrophages and IBA1+P2R12−microglia (n = 3 donors per
condition; three nonadjacent sections per donor; 8 to 10 images per section).
Mean ± SEM, two-tailed t test. **P < 0.01; ns, not significant.
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were angiographically confirmed preopera-
tively, and fresh tissues were acquired as part
of planned surgical resection. For scRNA-seq,
only unruptured brain AVMs were enrolled
into the study. Specimen orientationwasmain-

tained to ensure coverage of arteriovenous axis
with surgical clips of different sizes with aide
of intraoperative fluorescent angiography. All
tissues were acquired in close collaboration
with neurosurgeons trained in tissue isolation

techniques to minimize tissue disruption such
as avoidance of electrocautery. For bulk se-
quencing experiments, we utilized snap-frozen
ruptured and unruptured AVM specimens as
part of our biorepository. Patient demographic
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Fig. 5. Cell states implicated in brain AVM rupture. (A) Cellular deconvolution
and cell-specific differential expression analysis of bulk RNA-seq from
ruptured and unruptured brain AVM. (B) Bar graph of change in cell
proportion t statistic in ruptured AVMs. Purple, increased cell abundance;
blue, decreased cell abundance. *P < 0.05; **P < 0.01. (C) Representative
confocal microscopy imaging showing GPNMB+ monocytes (green), endo-
thelial cells [cyan, podocalyxin (PODOXL)], and smooth muscle cells [magenta,
a–smooth muscle actin (SMA)] in unruptured and ruptured AVMs. Scale bar,
100 mm. (D) Quantification of GPNMB+ monocytes in unruptured (blue) and
ruptured (purple) AVMs (n = 3 donors per condition; three nonadjacent
sections per donor; 8 to 10 random images per section). Mean ± SEM,
two-tailed t test. *P < 0.05. (E) (Top) Confocal microscopy analysis of cleaved
caspase-3+ (green, CC3) human primary SMCs after coculture with GPNMB+

and GPNMB− monocytes isolated from ruptured AVMs. DAPI (magenta)
stains are cell nuclei. White, colocalization of CC3 and DAPI; arrow, CC3+ cell.

Scale bar, 20 mm. (Bottom) Quantification of CC3+ smooth muscle cells
(n = 3 independent cultures per condition). Mo, monocytes. Mean ± SEM,
ANOVA with Tukey post hoc test. *P < 0.05; ns, not statistically significant.
(F) Scatterplot of dysregulated cell communication pathways in AVM GPMNB+

monocytes (Mo3) relative to controls by scRNA-seq. Red, up-regulated in
AVM; blue, up-regulated in control; gray, shared between conditions; triangle,
outgoing network; square, incoming network; and diamond, outgoing and
incoming network. (G) (Top) Confocal microscopy analysis of cleaved caspase-3+

(green, CC3) human primary smooth muscle cells treated with osteopontin
(OPN, encoded by SPP1) and CD44-neutralizing antibody, RGD integrin inhibitor,
or inhibitor cocktail. DAPI (magenta) stains are cell nuclei. White, colocalization
of CC3 and DAPI; arrow, CC3+ cell. Scale bar, 20 mm. (Bottom) Quantification of
CC3+ smooth muscle cells (n = 5 to 6 independent cultures per condition).
Mo, monocytes. Mean ± SEM, ANOVA with Tukey post hoc test. **P < 0.01;
ns, not statistically significant.
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information for all tissues utilized is summar-
ized in table S1.

Isolation of cerebrovascular specimens

No differences in vascular isolation methods
were applied between normal cerebral cortex
or AVM tissues. Tissue specimens were placed
in chilled preoxygenated Dulbecco’s modi-
fied Eagle medium (DMEM, Fisher Scientific,
Waltham, MA, catalog number: MT10017CV)
and transported to the laboratory on ice. All
tissue handling was performed with autoclave-
sterilized equipment within a class II biological
safety cabinet. Large arteries and veins were
selectively isolated under 5× magnification
with a Leica MZ75 dissecting microscope
(LeicaMicrosystems, Wetzlar, Germany) with
two #5/45Dumontmicro-forceps (Fine Science
Tools, Foster City, CA, catalog number: 11251-35).
Under 5X magnification, the lumen of each
vessel was longitudinally opened with a #15
scalpel blade (Fine Science Tools) or flushed
with DMEM. The large vessels were placed
in an Eppendorf LoBind 5-ml tube (Eppendorf
North America, Enfield, CT, catalog number:
0030122348) and kept on ice in chilled oxy-
genated DMEM. Following removal of all vis-
ible vasculature, the microvasculature was
isolated using dextran gradient centrifuga-
tion followed by cell-strainer filtration (20–22).
More specifically, tissue was cut into ~1- to
2-mm pieces with a scalpel and gently homog-
enized in a Dounce homogenizer containing
oxygenated pre-chilled DMEMwith 1% bovine
serum albumin (BSA) (Sigma Aldrich, St. Louis,
MO, catalog number: A9418). The homoge-
nate was mixed in 18% dextran solution (MW:
~70,000 Da; Sigma-Aldrich, catalog number:
31390) at a volume ratio of 1:1 and centrifuged
at 6000g for 20 min at 4°C. This resulted in a
microvascular pellet and floating vascular-
depleted brain. The floating vessel-depleted
brain was gently aspirated and discarded. The
vascular pellet resuspended in DMEM with
1% BSA and passed through a 40-mm cell
strainer (Fisher Scientific, catalog number:
08-771-1) to remove circulating cells or other
debris.Microvascular fragments remain trapped
on topof the cell strainer andwere subsequently
collected by inverting with cell strainer and
washing with prechilled oxygenated DMEM.
A small aliquot was visualized at 10X mag-
nification to confirm both purity and yield
with brightfield microscopy. The microvascu-
lar fragments were pelleted by centrifugation
at 500g for 5 min. The supernatant was aspi-
rated and then pooledwith themicrodissected
arteries and veins from the same individual in
prechilled oxygenated DMEM. These pooled
preparations are referred to as isolated vas-
cular preparations for subsequent steps and
maintained in chilled oxygenated media on ice
and immediately processed to create single-cell
suspensions.

Generation of vascular single-cell suspensions
Isolated vascular preparations were incu-
bated for 45 min in 0.2% collagenase type 2
(Worthington Biochemical Corporation,
Lakewood, NJ, catalog number: LS004176)
diluted in preoxygenated DMEMat 37°Cwith
gentle agitation in an Eppendorf LoBind 5-ml
tube (Eppendorf North America). Cell suspen-
sions were filtered through a sterile 40-mmcell
strainer (Fisher Scientific) to isolate undigested
debris. Cells containedwithin the flowthrough
were collected by centrifugation at 500g at
5 min and the supernatant carefully aspi-
rated. To lyse any residual erythrocytes, the
cell pellet was resuspended in Gibco ACK
lysing buffer (Fisher Scientific, catalog num-
ber: A1049201) for 3min at room temperature.
Cells were then collected by centrifugation at
500g at 5 min and washed three times with
sterile RNase-free phosphate buffered saline
(PBS) (Sigma-Aldrich, catalog number: D8537-
500ml) containing 0.04% BSA. Cells were
pelleted with centrifugation at 500g for 5 min
and resuspended in PBS with 0.04% BSA. To
confirm cell viability and yield, a 10-ml aliquot
of the cell suspension was mixed 1:1 with 0.4%
trypan blue (Thermo Fisher Scientific, catalog
number: T10282) to stain non-viable cells. Cells
were then counted on a hemocytometer.

scRNA-seq

All scRNA-seq experiments were performed
on freshly isolated, whole cells as described
above. Droplet-based scRNA-seq was per-
formed with 10X Genomics Chromium Single
Cell 3 prime reagent kits v3 as described by the
manufacturer (10X Genomics, Pleasanton, CA,
product code: 1000092; n = 5 normal cortex
samples and n = 5 AVMs). Based on hemo-
cytometer counts, single cells were loaded
onto chromium chips with a capture target of
15,000 cells per sample. When cell yield was
sufficient, two reactions per individual were
performed. Libraries were prepared follow-
ing the provided manufacturer’s protocol.
Quality of prepared sequencing libraries were
confirmed by electrophoretic analysis on an
Agilent 4200 TapeStation System (Agilent
Technologies, Santa Clara, CA). Libraries were
sequenced with an Illumina NovaSeq 6000
(Illumina, San Diego, CA) with a targeted se-
quencing depth of 50,000 reads per cell.

Bulk RNA sequencing

Undigested, isolated vascular tissues from
ruptured and unruptured AVMswere obtained
from the operating room, snap frozen in liquid
nitrogen and stored at −80°C. Snap frozen
tissues were embedded in Optical Cutting
Temperature Compound (Sakura Finetek
USA, Torrance, CA, catalog number: 4583)
and cryosectioned at a thickness of 20 mm.
Tissue scrolls were collected in RNAase free
Eppendorf LoBind-1.5mlmicrocentrifuge tubes

(Eppendorf North America, catalog number:
022431021). DNA/RNA Shield reagent (Zymo
Research, Irvine, CA, catalog number: R1100)
was added. Tissues weremechanically homog-
enized with a Squisher-Single homogenizer
(Zymo Research, catalog number: H1001) and
subsequently digestedwith proteinaseK (Zymo
Research, catalog number: R1057). Total RNA
was isolated from thehomogenized tissueswith
the Quick-RNAMiniprep Plus Kit as instructed
by the manufacturer (Zymo Research, catalog
number: R1057). The purified RNA was quan-
tified with a NanoDrop (Thermo Fisher Scien-
tific) and integrity confirmed with an Agilent
4200 TapeStation System (Agilent Technolo-
gies, Inc.). Ribosomal RNAwas depleted using
the NEBNext rRNA Depletion Kit as instructed
by the manufacturer (New England Biolabs,
Ipswich, MA, catalog number: E6310X), and
sequencing libraries preparedwith the SEQuoia
Complete Stranded RNA Library Prep Kit (Bio-
Rad Laboratories, Hercules, CA, catalog num-
ber: 17005710). Sequencing library quality was
confirmed on an Agilent 4200 TapeStation
System (Agilent Technologies, Inc) and quan-
tifiedwith aQubit dsDNAhigh sensitivity assay
kit (Thermo Fisher Scientific). Libraries were
sequenced in batch with an Illumina NovaSeq
6000 sequencer (Illumina) with targeted read
depth of at least 5 × 107 reads per sample.

Rebus Esper spatial omics platform

Spatially resolved, multiplexed in situ RNA de-
tection and analysis was performed using the
automated Rebus Esper spatial omics platform
(Rebus Biosystems, Santa Clara, CA). By inter-
secting a list of known or candidate cell type
markers generated by scRNA-seq, suitability
for probe design, including gene length and
relative abundance, and design constraints for
compatibility with the Rebus Esper spatial
omics platform using proprietary software,
we generated the following gene probe panel:
MECOM, RGS16, RARA, MFSD2A, TAGLN,
IL1R1, VEGFC, KCNJ8, DCN, TMEM132C,
CCL19, CLDN5, PDGFRB, HIGD1B, KCNT2,
ALDH1A2, and ALDH1A1. Experiments and
analyses using the Rebus Esper spatial omics
platform were performed as previously de-
scribed (70).

Immunofluorescent staining of tissues and
cerebrovascular fragments

Formalin-fixed paraffin-embedded tissue sec-
tions were cut at a thickness of 6 mm, de-
paraffinized with xylene, and rehydrated to
distilled water with serial ethanol washes. For
immunostaining of isolated vessel fragments,
cerebrovascular vessel isolationwas performed
as described above and immersion fixed in 4%
paraformaldehyde overnight at 4°C. For anti-
gen retrieval, all specimens were incubated
with pH9Tris-EDTA buffer at 97°C for 15min.
Tissue sections were then blocked with PBS
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containing 0.2% gelatin, 1% donkey serum,
and 1% triton for 1 hour at room temperature
and incubated in the following primary anti-
bodies overnight at 4°C. Primary antibodies
included: podocalyxin (1:100, R&D Systems,
Minneapolis, MN, catalog number: AF1658),
alpha smoothmuscle actin clone 1A4 (1:100,Dako
NorthAmerica, Inc.Carpinteria,CA, catalognum-
ber: M085129), P2RY12 (1:500, Sigma Aldrich,
catalog number: HPA014518), IBA1 (1:500,
Synaptic Systems, Goettingen, Germany, cat-
alog number: 234004), PECAM1 (1:50, Agilent
Technologies, catalog number: M0882329),
PLVAP (1:100, Sigma Aldrich, catalog num-
ber: HPA002279), angiopoietin-2 (1:100, R&D
systems, catalog number: AF623), PDGFRB
(28E1) (1:100, Cell SignalingTechnology, catalog
number: 3169S), GPNMB (1:100, R&D systems,
catalog number: AF2550), and CD8 clone C8/
144B (1:100, DakoNorth America, catalog num-
ber: M710301). Sections were washed with
PBS containing 1% Triton and incubated with
fluorescent dye–conjugated secondary anti-
bodies for 2 hours at room temperature. Alexa
Fluor 488-conjugated donkey anti-mouse sec-
ondary antibody (1:500, Thermo Scientific,
catalog number: A32766), Alexa Fluor 546-
conjugated donkey anti-rabbit secondary anti-
body (1:500, Thermo Fisher, catalog number:
A10040), and Alexa Fluor 647-conjugated
donkey anti-goat secondary antibodies (1:500,
Thermo Fisher, catalog number: A32787) were
used to detectmouse, rabbit, and goat primary
antibodies, respectively. Sections were washed
and autofluorescence quenched by incubating
with 1% Sudan Black (Sigma Aldrich, catalog
number: 199664) for 10 min at room temper-
ature. Slides were mounted with 4-prime,6-
diamidino-2-phenylindole (DAPI)–containing
Fluoromount-G (SouthernBiotech,Birmingham,
AL, catalog number: 0100-20). All imaging
was performed with a Lecia TCS SP8 X con-
focal microscope with a 20X objective (Leica
Microsystems).

Fluorescence-activated cell sorting (FACS)

To isolate circulating GPNMB+ and GPNMB−

monocytes, 10ml of whole blood was collected
in standard 5-ml EDTA-containing vacutainer
blood collection tubes obtained from adult
patients with acutely ruptured AVMs. Cells
were subsequently centrifuged at 500g for
5 min and erythrocytes were then lysed with
incubation in Gibco ACK lysing buffer (Fisher
Scientific, catalog number: A1049201). The
resulting cell suspension was filtered through
a sterile 40-mm filter to remove debris and
washed with PBS containing 0.04% BSA. Cell
suspensions were then resuspended in FACS
staining buffer (Thermo Fisher Scientific, cat-
alog number: 00-4222-26). Cells were blocked
to prevent non-specific staining, and cells
were stainedwith Alexa Fluor 647-conjugated
mouse anti-human CD45 monoclonal anti-

body clone HI30 (1.25 ng/ml, Thermo Fisher
Scientific, catalog number: 51-0459-42), FITC-
conjugated mouse anti-human CD11b mono-
clonal antibody clone ICRF44 (5.0 ng/ml,
Thermo Fisher Scientific, catalog number:
11-0118-42), and PE-conjugated mouse anti-
human GPNMB monoclonal antibody clone
HOST5DS (1.25 ng/ml, Thermo Fisher Scien-
tific, catalog number: 12-9838-42) for 30 min
at room temperature. Cells were subsequent-
ly isolated by FACS with a BD FACSAria II
Flow Cytometer (BD Biosciences, Franklin
Lakes, NJ). Viable CD45+CD11b+GPNMB+

cells and CD45+CD11b+GPNMB− cells were
separately collected for subsequent coculture
experiments.

Cell culture

All cell culture experiments utilized primary
human brain vascular smooth muscle cells
(VSMCs, ScienCell Research Laboratories,
Carlsbad, CA, catalog number: 1100). Cells
were cultured in SMC media in 5% CO2 at
37°C. Early passage (P3, P4) cultures were
used in the present study. Primary VSMCs
were plated in equal number for all condi-
tions. VSMCs were grown on 96-well tissue
culture plates pre-coated with collagen. For
coculture experiments, CD45+CD11b+GPNMB+

or CD45+CD11b+GPNMB− cells were immedi-
ately cocultured with VSMCs following FACS
isolation at an approximate ratio of 1:1 (71).
Monocytes and VSMCs were cocultured for
24 hours and then subsequently fixed with
4% paraformaldehyde for subsequent immu-
nostaining. For osteopontin (OPN, encoded by
SPP1) treatment studies, cells were pretreated
with vehicle control or anti-human CD44
neutralizing monoclonal antibody (10 mg/ml,
Thermo Fisher Scientific, catalog number:
MA4400), RGD peptide to inhibit integrin re-
ceptors (10 mM, Sigma Aldrich, catalog num-
ber: A8052), or both in combination for 30min
as previously described (65). Cultureswere then
subsequently treated with OPN (200 ng/ml,
Sigma Aldrich, catalog number: SRP3131) for
6 hours. The cell culture media was changed
and cells were then fixed with 4% paraformal-
dehyde for subsequent immunostaining.

Cell culture immunostaining

Paraformaldehyde fixed cells were blockedwith
PBS containing 0.2% gelatin, 1% donkey serum,
and 0.1% triton for 1 hour at room temperature
and incubated in primary antibodies overnight
at 4°C. Primary antibodies included: alpha
smooth muscle actin clone 1A4 (1:100, Dako
North America, Carpinteria, CA, catalog num-
ber: M085129) and cleaved caspase-3 (1:300,
Cell Signaling, catalog number: 9661S). Alexa
Fluor 488-conjugated donkey anti-mouse sec-
ondary antibody (1:500, Thermo Scientific,
catalog number: A32766) and Alexa Fluor
546-conjugated donkey anti-rabbit secondary

antibody (1:500, Thermo Fisher, catalog num-
ber: A10040) were used to detect mouse and
rabbit primary antibodies, respectively. Cells
were washed and nuclei stained with DAPI.
All imaging was performed with a Leica TCS
SP8 X confocal microscope with a 20X objec-
tive (Leica Microsystems, Inc.).

Tissue and cell culture image analysis

For all quantitative imaging experiments, a
tile-scan image was generated encompassing
the tissue section or cell culture well with
10- to 12-mm z-stack andmaximum projection
z-stack images were reconstructed. For all tis-
sue studies, 8 to 10 randomly selected fields in
three non-adjacent tissue sections per tissue
specimenwere analyzed as previously described
(20). Tissues from three donors per condition
were used for all analyses. For quantification
of IBA1+, P2RY12+, and CD8+ immune cells,
cell bodies were counted with the NIH ImageJ
multipoint tool and expressed as number of
positive cells per cubic millimeter of tissue.
For immune cell distance analysis, the distance
between cell bodies and abluminal vascular
wall was measured using the NIH ImageJ
length measurement tool. For coculture ex-
periments, three independent cultures were
analyzed per condition. For OPN experiments,
5 to 6 independent cultures were analyzed
per condition. Cleaved caspase-3+ cells were
counted with the NIH ImageJ multipoint tool,
normalized to total cell number, and expressed
per 1000 SMCs.

Single-cell RNA-sequencing analysis

SalmonAlevin 1.3.0was used to create a cell by
genematrix for spliced and unspliced counts
using the annotation from GENCODE 34 for
GRCh38 (72, 73). Solo was used for doublet
detection and removal and enriched softmax
values in clusters were used as additional
criteria for another round of doublet filtering
(74). Aminimum of 1000 genes and 40%mito-
chondrial cutoff were used to remove low
quality cells fromall datasets. The SCTransform
workflow was used for count normalization
(75). Principal component analysis was com-
puted on the residuals for input into Harmony
for batch correction (76). Control immune cells
were not batch corrected due to inability to
resolve rare cell types after correction. The
parameters of Harmony were set to use the
top 30principal components.Uniformmanifold
approximation and projection (UMAP) em-
beddings and neighbors for Leiden clustering
used the batch corrected embeddings (77, 78).
RNA velocity analysis was done using the
scVelo package (79). HGNC labels replaced
all corresponding Ensembl gene ID and non
HGNC annotated gene IDs were left in the
matrix as Ensembl gene IDs. Latent time from
scVelo was computed to order the cells. RNA
velocity analysis was performed on batch
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corrected embeddings. dittoSeq was used for
color-blind friendly plotting (80). CellChat was
used to infer cell communication analysis (53).
scMappR was used to deconvolute gene ex-
pression between bulk gene expression data-
sets using the AVM perivascular, endothelial,
and immune cell types as the reference (61).
Correlations between mouse and human en-
dothelial cell typeswere calculated on the space
of shared orthologousmarker genes of clusters.
fgsea was used to look for enriched hallmark
pathways from differential expressed endo-
thelial genes (81). The t statistic for cell type
proportions was based on deconvolution out-
put from scMappR. All marker genes were
using a Wilcoxon rank-sum test with a mini-
mum of 0.5 average log fold-change cutoff
and filtering for genes with <0.05 FDR with
Bonferroni correction. UCell was used for the
cell type identity score and utilized the top 30
genes of the cluster (82). More specifically,
gene lists were generated using a Wilcoxon
rank sum test and filtered for statistical sig-
nificance (FDR < 0.01) for the top 30 genes.
For endothelial cells, this list was also inter-
sected with published mouse datasets based
on their specificity after aggregating into four
different subclasses: artery, capillary, venule,
and vein (13). Genes used for UCell scoring for
each cell type are listed in table S10.

Spatial transcriptomic analysis

The RNA spot table was log-normalized and
scaled before PCA. The top 10 components
were used for UMAP and neighbor analy-
sis for Leiden clustering using the scanpy
package.

Bulk tissue RNA-sequencing analysis

Salmon 1.3.0 was used to pseudo-align all
ruptured and unruptured bulk AVM samples
(83). The output of Salmon was used to gen-
erate counts using tximport (84). edgeR was
used to compute differential gene expres-
sion between rupture and unruptured sam-
ples using the exact test (85). Genes with a
false discovery rate (FDR)–adjusted q value <
0.05 were considered to be differentially
expressed.

Statistical analysis

For all immunostaining and cell culture exper-
iments, statistical analysiswas performedwith
Student’s t test for two-way comparisons and
one-way analysis of variance (ANOVA) with
post hoc Tukey tests for comparisons of three
or more groups using GraphPad Prism. Data
are presented as mean ± standard error of the
mean unless otherwise indicated with indi-
vidual data points shown.

Schematics

Schematic cartoons in Fig. 5A were created
with BioRender.com.
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Mapping the brain’s blood vessels
Cerebrovascular diseases are a leading cause of death and disability, but our understanding of the cellular and
molecular constituents of normal and diseased human cerebrovasculature is incomplete. Winkler et al. generated a
cellular-resolution atlas of the adult human cerebrovasculature. The authors used spatial transcriptomics to reveal
the geographical organization of an unexpectedly diverse array of molecularly defined cell types within the human
brain. They then explored the cellular and molecular alterations that occur in arteriovenous malformations, a leading
cause of stroke in young people. A specialized subtype of peripheral monocyte plays a role in destabilizing the
cerebrovasculature, and the authors identified candidate targets for therapeutic intervention. —STS
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